The electrical properties (dipole moment, polarizability, and first hyperpolarizabilities) of anhydride derivatives are studied using theoretical chemistry methods. Several DFT XC functionals have been used while reliable atomic basis sets have been selected for their evaluations. The variations of (hyper)polarizabilities as a function of the anhydride structure are consistent among the different functionals, which facilitates the deduction of structure-property relationships. It has been observed that (1) The dipole moment of maleic anhydride (2) increases when adding a methyl group (3) and even more when fusing a phenyl ring to get phthalic anhydride (1), in good agreement with experiment. (2) The average polarizability is mostly driven by the molecular size while the polarizability anisotropy presents more subtle variations as a function of the compound. (3) For 1 and 2, the calculated polarizability tensor components are in close agreement with the experimental data. (4) To a good extend, the HRS first hyperpolarizabilities follow the same ordering as the polarizability anisotropy. (5) The EFISHG first hyperpolarizabilities exhibit a completely different ordering while its sign depends on the orientation of the CO double bonds. Finally, since the first hyperpolarizability values of these anhydride derivatives are of moderate amplitude, like those of amino acids, several design strategies have been discussed for achieving their enhancement.
Introduction
Anhydride derivatives constitute a major class of organic compounds, which are widely used in large scale organic syntheses and have found applications in industry. They also exhibit compatible properties with nonlinear optical (NLO) applications such as fluorescence and phosphorescence [1] . They have been used in the preparation of polyimides exhibiting long-term second harmonic generation (SHG) [2] . They can form spherulitic [3] and dendritic [4] structures. Still, only a few theoretical and experimental studies have characterized the linear and nonlinear optical properties of anhydride derivatives [5] [6] [7] . The polarizability (α) of phthalic anhydride (compound 1, Scheme 1) was measured in dioxane by Arbuzov et al. [5] in 1977, who challenged the additive model and showed that the largest polarizability tensor component is along the b 2 axis (in the molecular plane and perpendicular to the C 2 axis, denoted b 1 in Ref. [5] ). Safinejad et al. [8] investigated the solvent effects on the vibrational frequencies, the polarizability, and first hyperpolarizability (β) of 1, using time-dependent Hartree-Fock (TDHF) and time-dependent density functional theory (TDDFT) calculations. They already highlighted large variations of β as a function of the exchange-correlation (XC) functional, larger than for the mean polarizability and for the polarizability anisotropy. Despite the difficulty to grow large single crystals having good optical quality for device applications Janarthanan et al. [7] have grown organic single crystals of anhydride 1 by the slow evaporation method and have observed a SHG signal when irradiated by Nd:YAG laser λ = 1064 nm). Still, anhydrides allow for structural optimization in order to maximize the NLO Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s4225 0-019-00060 -3) contains supplementary material, which is available to authorized users.
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responses. The aim of the present paper is to predict and analyze the first hyperpolarizability of six anhydride derivatives (1-6, Scheme 1). This is achieved by performing quantum chemical calculations at different levels of approximation. Our computational investigation aims therefore at assessing which of these anhydride derivatives carry the largest β. In addition, it aims at discussing the relative performance of different ab initio levels of approximation.
Computational Method
The geometries of anhydride derivatives 1-6 were fully optimized at the second-order Møller-Plesset perturbation theory (MP2) level with the 6-311G(d,p) basis set, as implemented in Gaussian 09 software [9] as well as using the Hartree-Fock (HF) method and density functional theory (DFT) with selected XC functionals, B3LYP [10] , B3PW91 [11] , CAM-B3LYP [12] , LC-BLYP [13] , M06 [14] , and M06-2X [15] .
These geometries were employed as input for calculating the dipole moment vector , the static polarizability , and static first hyperpolarizability tensors. In a first step, these calculations were performed at the Hartree-Fock (HF) level, using a broad range of atomic orbital basis sets [6-31G, 6- 
. This list allows assessing the effects of polarization and diffuse functions as well as to compare valence double-ζ and triple-ζ descriptions and to select basis sets, with a good compromise between accuracy and computational needs. Then, using the selected 6-311 + G(d) and aug-cc-pVDZ, basis sets, DFT and TDDFT were adopted for calculating , , and . The performances of traditional and novel long-range corrected exchange-correlation (XC) functionals, B3LYP [10] , ωB97X-D [16] , CAM-B3LYP [12] , LC-BLYP [13] , M05-2X [17] , and M06-2X [15] , were explored. Long-range corrected XC functionals have been shown to be at least as competitive and often more reliable with respect to traditional DFT functionals to calculate linear and nonlinear responses [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . For , we concentrated on its two invariants, the mean polarizability ⟨ ⟩ and the polarizability anisotropy Δ . For , quantities related to the electric field-induced second harmonic generation (EFISHG) and hyper-Rayleigh scattering (HRS) phenomena were calculated. In EFISHG, the central quantity is ∕∕ , the vector component of projected along the dipole moment axis (multiplied by a factor of 3/5).
where | | ⃗ | | is the norm of the dipole moment, i and i the ith components of the and vectors, respectively. In HRS, the first hyperpolarizability HRS and its depolarization ratio DR (1) 
ZXX
⟩ are orientational averages of the tensor components describing the HRS intensities when the incident light is vertically-or horizontally-polarized, respectively. Their full expressions can be find in Ref. [29] . The T convention was used for defining the β quantities. To analyze the first hyperpolarizabilities, additional timedependent DFT (TDDFT) calculations of the excitation energies and oscillator strengths [30, 31] were performed, using the ωB97X-D XC functional.
Results and Discussion

Structural Results
Table S1 (Supporting Information) lists the relevant optimized geometrical parameters in comparison to the experimental data of Pejlovas et al. [32] as determined from microwave experiments in gas phase. These authors measured the rotational transition frequencies to calculate the rotational and centrifugal distortion constants. The rotation constants for 13 C and 18 O were also used in a least-squares adjustment to determine almost all the structural parameters for this molecule. RMSD's are also provided to give a global appreciation of the reliability of the method of calculation. The MP2 calculations provide results in very close agreement with experiment with RMSD on the bond lengths of 0.005 Å and 0.002 Å with the 6-31G(d,p) and 6-311G(d,p) basis sets, respectively. The corresponding deviations amount to 0.2° and 0.3° for the valence angles. These deviations originate from the remaining limitations of the method, (i) the electron correlation effects beyond second order and (ii) the lack of temperature and vibrational effects since the calculations are performed at 0 K without considering the zero-point vibrational averaging.
DFT performs slightly worse than MP2. The best XC functional is B3PW91 while there are little differences between M06, M06-2X, and CAM-B3LYP. In all the cases, the RMSD is smaller than 0.01 Å. Note that, contrary to MP2, going from a double-ζ to a triple-ζ basis set slightly worsens the bond lengths estimates. Finally, the HF method underestimates systematically the bond
lengths with a RMSD of 0.015-0.018 Å. Note that Bates and Cutler [33] also reported geometrical structures, from X-ray diffraction data and that the C-H bond lengths are systematically smaller (~ 0.99 Å), which results from the intrinsic limitations of X-ray diffraction owing to the small electron density on the H atoms. Table 1 lists, for compounds 1 and 2, a set of (static) electrical properties calculated at the Hartree-Fock level with a range of atomic basis sets in comparison with available experimental data: , ⟨ ⟩ , Δ , ∕∕ , HRS and its DR. More basis set results are provided in Table S2 (4) These Pople basis sets with diffuse functions also approximate closely HRS with overestimation of 12% for 1, of ~ 5% for 2 and of 1-6% for 3. The same conclusion can be drawn for the DR values with underestimations by 3% for 1, 6-13% for 2, and 12-14% for 3. Again, the lack of diffuse functions leads to large underestimations (1) or overestimations (2 and 3) of HRS whereas aug-cc-pVDZ reproduce the reference values within less than 5%. (5) Basis set effects on ∕∕ are stronger than on HRS , especially for compound 1. For 2 and 3, the absence of diffuse functions overestimate the amplitude of ∕∕ (too negative for 2 but too positive for 3). In the case of 1, both the amplitude and the sign of ∕∕ depend on the basis set and the Pople basis sets with one set of diffuse functions are not performing well. On the other hand, the aug-cc-pVDZ is still very reliable. but the latter employed basis sets without diffuse functions, which prevents from making further comparison.
Hartree-Fock Electrical Properties
DFT Electrical Properties
Dipole Moment
The inclusion of electron correlation systematically reduces the dipole moment so that the agreement with experiment is improved [34] . In fact, the variations of μ as a function of the XC functional attain a maximum of 5% whereas the differences by going from 6-311 + G(d) to aug-cc-pVDZ consist of systematic decreases by 5% or less (for 4 the differences are much smaller). Considering the B3LYP and ωB97X-D XC functionals, the deviations with respect to experiment amount to + 6% (1) and + 1-2% (2). Besides 5 for which μ is zero by symmetry, the smallest μ values is observed for methacrylic anhydride (6) and then acetic anhydride (4). Then comes maleic anhydride (2), of which the dipole moment increases by adding a methyl substituent (to form 3) or a phenyl ring (to form 1). 1 is therefore the compound with the strongest polar character and the dipole moment ordering follows:
Polarizability
In comparison to HF, the ⟨ ⟩ and Δ of 1 and 2, as predicted using DFT, get also closer to experiment. For 1, very close agreement with experiment is achieved with the ωB97X-D ( = 0) < < < < < .
and CAM-B3LYP XC functionals whereas for 2, the deviations are larger, from ~ 2% for ⟨ ⟩ and ~ 7% for Δ . For the whole set of compounds, like for μ, the differences of ⟨ ⟩ and Δ between the selected XC functionals are small. Still, LC-BLYP seems to provide slightly smaller values than the other XC functionals. Considering that the usually small vibrational contributions to the polarizability are not taken into account, it is difficult to stress on a specific XC functional and any of these can be used to discuss structurepolarizability relationships. Following the early work of Le Fevre et al. [35] , Arbuzov et al. [34] have observed a substantial exaltation of ⟨ ⟩ when going from 2 to 1. They also analyze the α tensor along the main axes and found that the largest component is along the y axis for both 1 and 2 (Fig. 2) . Though for 2, this could have been expected owing to the expansion of the compound in that direction, the case of 1 was less obvious. Interestingly, the calculations reproduce this anisotropy, for compounds 1-2. Calculations also evidence that the methyl group in 3 leads to an increase of ⟨ ⟩ by 24% but of Δ by only 8% with respect to 2. Among all compounds, 4 then 6 present the smallest Δ . Finally, the largest ⟨ ⟩ is achieved by 5, which is also the most voluminous compound, and then by 6 and 1, which contain the same numbers of C and O atoms. This leads to the following orderings: Both 6-311 + G(d) and aug-cc-pVDZ basis sets were used. All results are given in a.u. and were obtained using the ground state geometry optimized at the MP2 level. When available, comparisons with experiment are made a Experimental value in benzene solvent [34] b μ and ∕∕ of 5 are zero by symmetry
Since the polarizability is an extensive property, it is further interesting to see whether ⟨ ⟩ follows the ordering of the molecular volumes. These have been determined with Gaussian09, at the ωB97X-D/6-311G(d) level, as the volumes inside the 0.001 e bohr −3 density envelop. For compounds 1 to 6 the molecular volume (V) amounts to 1251, 751, 888, 859, 1829, and 1509 a.u., respectively. So, ⟨ ⟩ and V present the same ordering. Still, the ⟨ ⟩ /V ratio is not constant and ranges from 0.07 for 4 to 0.09 for 5, demonstrating the effects of π-electron delocalization.
First Hyperpolarizability
In addition to Table 2 , the β results are displayed in Figs. 3, 4 and 5. ∕∕ and HRS exhibit stronger dependence on the XC functional and on the basis set and these effects are enhanced ∕∕ versus HRS . Usually, the 6-311 + G(d) HRS values are larger than those evaluated with the aug-cc-pVDZ basis set. Then, HRS shows systematically smaller values for XC functionals containing larger amounts of HF exchange. Indeed, B3LYP, which contains the smallest amount of HF exchange (20%) displays the largest HRS values whereas LC-BLYP, which contains the largest amount (from 0 to 100%, with a range-separating parameter of 0.47 bohr −1 ), is generally associated with the smallest values. Then, the M05-2X and M06-2X values are quite similar, and systematically smaller than the CAM-B3LYP and ωB97X-D values, which differ little. Notwithstanding these variations, the HRS ordering does not change and presents similarities with the Δ ordering:
On the other hand, DR covers a broad range of octupolar-dipolar characters. Indeed, 5 is octupolar by symmetry and its DR is exactly equal to 1.5. On the other hand, 2 is dipolar (DR = 5.15 at the ωB97X-D/aug-cc-pVDZ level) and the dipolar character decreases when adding a methyl group (DR = 3.81 for 3, at the same level). Then, by going to 1, the octupolar character is almost fully recovered (DR = 1.57). 4 and 6 present intermediate values, 2.70 and 1.96, respectively. They are dominantly octupolar. However, contrary to ⟨ ⟩ , the ordering of the HRS amplitudes is different from that < < < < < . In the case of ∕∕ , using the aug-cc-pVDZ basis set leads generally (check also later 2) to more positive (less negative) values in comparison to 6-311 + G(d). To a lesser extend, larger percentages of HF exchange lead to smaller ∕∕ values while the M05-2X/M06-2X and ωB97X-D/CAM-B3LYP pairs of XC functionals lead to ∕∕ values with some degrees of similarity. Using the ωB97X-D/aug-cc-pVDZ results, the ordering of ∕∕ satisfies:
Note that using B3LYP or LC-BLYP produces the same ordering, with the exception of compounds 4 and 6, which < < ( ∕∕ = 0) < < < present similar values. It might be important to emphasize that this ordering is completely different than those of μ, ⟨ ⟩ , Δ , and HRS . So, starting from compound 2, where ∕∕ is strongly negative, adding a methyl group reduces considerably ∕∕ (for 3, its sign depends on the XC functional and basis set but its amplitude is always smaller than 20 a.u.) while the presence of the phenyl ring keeps its negative sign but reduces it by at least 50%. 4 and 6, where the relative orientation of the CO double bonds is reverse with respect to the other compounds, present positive ∕∕ values.
Further insight into the values was then obtained by resorting to its sum-over-states expression, which makes the link between and spectroscopic quantities [excitation energies ( ΔE 0e ), oscillator strengths ( f 0e = one can truncate this expression to the lowest-energy dipole-allowed excited state(s) [37] . Here, following a recent work [38] , a diagonal few-state approximation was employed. This allows accounting for the fact that several molecules present more than one low-energy excited state with large oscillator strength. In that approximation, each excited state brings the following contribution to any diagonal tensor component:
In a first step, the relationship between HRS and ΔE −2 0e was analyzed. The selected ΔE 0e is the excitation energy of the excited state presenting the largest oscillator strength below 10 eV. This led to a R 2 correlation coefficient smaller than 0.5 (Fig. 6) , which demonstrates that the excitation energy is not sufficient to explain the variations in
HRS . An even worse correlation would have been obtained if considering the HOMO-LUMO gap or another molecular orbital energy difference. Then, the oscillator strength was considered as well and relationship between HRS and f ΔE −3 0e was assessed. This provides a much better correlation. Finally, a slightly better correlation was obtained by considering the sum of the f ΔE 
Summary and Further Discussions
In this work, we have investigated the geometrical structure and electrical properties (dipole moment, polarizability, and first hyperpolarizabilities) of anhydride derivatives using theoretical chemistry methods. First, the geometries of the ground state have been optimized at different levels, showing a good accuracy of the MP2 level of approximation to reproduce microwave data. Then, using a subset of compounds and the HF level, atomic basis sets reliable for computing the electrical properties have been selected. Several DFT XC functionals, which mostly differ by their amount of HF exchange, have then been used to calculate the electrical properties. Still, the variations of (hyper)polarizabilities as a function of the anhydride structure are consistent among the different functionals, which facilitates the deduction of structure-property relationships. Key results include: (1) The dipole moment of 2 increases when adding a methyl group to get 3 and even more when fusing a phenyl ring to get 1, in good agreement with experiment. In fact, 1 presents the strongest polar character. (2) the average polarizability is mostly driven by the molecular size while the polarizability anisotropy presents more subtle variations as a function of the compound. (3) for 1 and 2, the calculated polarizability tensor components are in close agreement with the experimental data. (4) To a good extend, the HRS first hyperpolarizabilities follow the same ordering as the polarizability anisotropy while they display a broad range of dipolar-octupolar character. (5) Starting from maleic anhydride (2), HRS decreases when adding a methyl group (3) but increases when adding a fused phenyl ring (1) . (6) The EFISHG first hyperpolarizabilities exhibit a completely different ordering while its sign depends on the orientation of the CO double bonds. On an absolute basis, the first hyperpolarizability values of these anhydride derivatives are not so large but anyway of the same order of magnitude as amino acids [39] , which means that the formation of oligomers containing these units might achieve very large second-order NLO responses. Another strategy to enhance β consists in investigating the thia, selena, and tellura homologues, as this was carried out by Kamada et al. [40] in the case of furan derivatives. Using high-level coupled-cluster methods they observed that ∕∕ is negative for furan (like for 1 and 2), decreases strongly in the case of thiophene (it is still negative), then becomes positive in selenophene, and further increases in the case of tellurophene. These chalcogen analogues of 1 have already been synthesized and their optical and vibrational spectroscopic signatures were studied by Bigotto et al. [41] . Finally, following Prezhdo et al. [42] maleimide and its derivatives might be considered instead of the maleic anhydride derivatives. , and f ΔE −3 0e ), as determined at the TDDFT/ ωB97X-D/aug-cc-pVDZ level of approximation. All values are given in a.u. Least-squares fittings and their R factors are also provided
